Introduction
There is now compelling evidence linking a morbillivirus tentatively called 'phocid' or 'phocine' distemper virus (PDV) with a fatal seal epizootic in the North and Baltic Seas in 1988 . The virus turned out to be related to, but distinct from other known members of the same genus as examined by a number of different approaches (Osterhaus & Vedder, 1988; Cosby et al., 1988; Mahy et al., 1988; Liess et al., 1989 a, b; Rima et al., 1990; J~iger et al., 1990; Harder et al., 1990; Orvell et al., 1990; Bostock et al., 1990) . The virus originating from these cases is sometimes called PDV-1 to distinguish it from a morbillivirus (PDV-2) isolated from Baikal seals which is more closely related to canine distemper virus (CDV; Visser et al., 1990) , although genetic data are lacking. The isolation of PDV using conventional cell culture techniques is a difficult and time-consuming process which impairs the rapid and reliable demonstration of virus in clinical specimens or in cadavers examined at autopsy. Therefore, the use of direct and fast viral nucleic acid detection methods (Tenover, 1988) t Present address: New York State College of Veterinary Medicine, Cornell University, Ithaca, NY 14853, U.S.A. ~Permanent address: Department of Microbiology and Cell Biology, Indian Institute of Science, Bangalore 560012, India. such as spot hybridization or the polymerase chain reaction (PCR), an extremely sensitive assay (Saiki et al., 1988; Eisenstein, 1990) , provide an alternative diagnostic approach. In addition they can be applied to pathogenetic studies to analyse the distribution of virus in infected animals.
Soon after the outbreak of the disease in European seals viral RNA could be demonstrated in infected seal tissues by cross-hybridization studies using cDNA probes derived from several genes of related morbilliviruses (Mahy et al., 1988) . In addition, we showed recently that PDV RNA originating from infected Vero cells could be amplified by PCR using rinderpest virusspecific primers (Haas et al., 1990) . These primers were used since at that time PDV-specific sequence data were lacking. Although an F gene-specific fragment could be demonstrated by this method by Southern blotting using a rinderpest virus F gene probe, the quantity achieved was too low to be detected by ethidium bromide staining alone.
Here we compare the application of slot hybridization and PCR analysis, respectively, for the detection of virus-specific nucleic acid in RNA extracted from tissues of naturally as well as experimentally infected seals. A PDV P gene-specific cDNA probe was used for the detection of viral RNA and for the identification of the amplified cDNA fragments. For PCR amplification PDV-specific oligonucleotides were used as primers which encompassed a 245 bp fragment of the P gene of PDV. Partial sequence analysis and hybridization studies showed that PDV is distinct from, but related to, CDV at the genetic level.
Methods
Seal tissues. The seal tissues from naturally occurring cases originated from the seal epizootic during summer and autumn 1988 in the North Sea (the help of M. Stede, State Veterinary Investigation Centre for Fish and Fish Products, Cuxhaven, Germany, is greatly appreciated). They were in different stages of post-mortem decay. Processing and cell culture isolation of virus as well as identification of the virus have been described (Liess et al., 1989a, b) . Tissues were stored deep-frozen and later used for the assays described below. Tissue samples from experimentally infected animals were also available from an unrelated experiment in which the influence of toxic pollutants on the course and pathology of the disease was studied (B. Liess et al., unpublished results) . Experimental infection of seals was done by intranasal instillation of the cell culture-propagated PDV isolate 2558/Hart-88 and organ samples were treated in the same way as above. Apart from cell culture isolation attempts these samples were also examined for the presence of morbillivirus antigen by a direct immunofluorescence technique as described recently .
For comparative purposes, two recent CDV field isolates were used in this study. The first was isolated from leukocytes of a sick dog, and the second from the lung of a ferret dying from a CDV epidemic on a farm.
Isolation of a PDV-specific cDNA clone. The PDV P gene-specific cDNA was identified from a cDNA library prepared from polyadenylated RNA isolated from Vero cells infected with the Hannover (2558/Han-88) isolate of PDV using conventional techniques (see Diallo et al., 1989) . The cDNA clone was identified as P gene-specific by sequence analysis of the recombinant plasmid (unpublished results).
RNA isolation. Pieces of frozen seal tissues (0.1 to 0.12 g) were immediately transferred into 2 ml of ice-cold 4 M-guanidinium thiocyanate solution and homogenized on ice (Davis et al., 1986) . PDVinfected Vero ceils were lysed directly without homogenization. The solution was then layered on top of a 2 ml cushion of caesium trifluoroacetate (Pharmacia LKB). The density of the solution was made 1-51 g/ml with Tris-EDTA(TE) buffer according to the recommendations of the supplier. Centrifugation was at 125 000 g for 16 to 20 h in a Beckman SW55 rotor. RNA was pelleted at the bottom of the tube and subsequently used for slot hybridization and PCR analysis.
Slot hybridization assay
(i) Specimen preparation. Slot hybridization was performed using a multi-well filtration manifold (S&S Minifold II; Schleicher & Sch/ill) following the standard protocol given by the manufacturer. Briefly, RNA (up to 10 t~g) was suspended in TE buffer, pH 7.5. Then three volumes of 20 x SSC (1 x SSC is 0.15 M-NaCI plus 0.015 M-sodium citrate) plus two volumes of 37 ~ formaldehyde were added. RNA was denatured by incubation at 60 °C for 20 min. The samples were applied to a presoaked (20 × SSC) nitrocellulose membrane (NC BA 85; Schleicher & Schiill) using the filtration manifold. Wells were washed with 20 x SSC. The membrane was baked at 80 °C for about 1 h to fix the RNA.
(ii) Probe preparation. For hybridization the above-mentioned P gene-specific cDNA was used after labelling with [32p]dCTP (DuPont) using a random priming kit (Gibco BRL), and separation from unincorporated nucleotides by filtration through a Sephadex G-50 spin column.
(iii) Prehybridization/hybridization. Prehybridization was done in a solution containing 50% deionized formamide, 5 × SSC, 50 raMsodium phosphate buffer pH 6.5, 5 x Denhardt's solution, and 300 ~tg denatured salmon sperm DNA per ml. The filters were sealed in polypropylene bags and incubated at 42 °C for 4 h in a shaking waterbath. Hybridization was done in a solution containing 50% deionized formamide, 5 × SSC, 2 × Denhardt's solution, 25 mM-sodium phosphate buffer pH 6.5, 10% dextran sulphate and 50 ~tg denatured salmon sperm DNA per ml. Probe DNA (2 ng per ml) was denatured by heating at 95 °C for 10 min and added to the hybridization solution. Incubation was performed overnight at 42 °C in a shaking water-bath. After removal of the hybridization mixture the filter was washed three times for 10 min each in 2 × SSC, 0-1% SDS at room temperature and then three times in 0.1 × SSC, 0-1% SDS at 50°C, again for 10 min each wash. The filters were dried and autoradiography was carried out at -80 °C with XAR-5 X-ray film (Eastman Kodak).
Reverse transcription and PCR amplification. Synthesis of first strand cDNA by reverse transcription and subsequent PCR were carried out in a single tube; the reaction was performed essentially as described (Doherty et al., 1989) . As amplimers a PDV P gene-specific primer pair (P1/P2) was used: P1, 5' AGAATATCGATGAATCAC 3', mRNA sense; P2, 5" CCTATTACTTGGAGGGCC 3' vRNA sense. The primers are situated 245 nucleotides apart and encompass a region of the genome where parts of the C and P protein reading frames overlap . To amplify the cDNA, 35 cycles were used, beginning with DNA denaturation at 94 °C for 1.5 min followed by primer annealing at 25 °C for 2 min (the low annealing temperature was used because of the relatively high A/T content of P1) and extension at 72 °C for 2 min. A final extension (72 °C for 7 min) step was performed after the last cycle. Amplification products were concentrated by ethanol precipitation.
Analysis of amplified DNA. For each sample, aliquots of the amplification products were separated by electrophoresis through 2% Tris-borate-EDTA (TBE) agarose gels (NA agarose; Pharmacia) and stained with ethidium bromide (Sambrook et al., 1989) . To confirm the specificity of the amplified fragments, the gels were blotted and membranes were hybridized using the conditions described for slot hybridizations. RNA extracted from PDV-infected Vero ceils served as a positive control. Reaction mixtures lacking any RNA template, to indicate a possible contamination, as well as RNA extracted from mock-infected Vero cells to prove specificity (negative control) were co-processed in the same manner.
Diagnostic use of PCR for detection of virus in mononuclear cells ( MNC) of the peripheral blood.
To investigate the usefulness of the PCR as a rapid diagnostic tool for early detection of virus in infected cells small numbers of MNC from the buffy coat of heparinized blood samples from some experimentally infected animals were processed for PCR analysis. This was done essentially as described recently for the detection of bovine viral diarrhoea virus RNA in culture cells (Schroeder & Balassu-Chan, 1990) . In brief, the MNC were lysed by freezing and thawing in 20 I11 diethylpyrocarbonate-treated water containing 5 mM-EDTA and 20 units RNasin ribonuclease inhibitor (Promega Biotec) and held at 100 °C for 10 min. The mixture was cooled on ice and again 20 units of RNasin were added. Cell debris was removed by centrifugation at 4 °C at 12000 g for 1 to 2 min and 10 bt 1 of the clear supernatant was added directly to the reverse transcription mixture.
R e s u l t s

Identification of a PDV-specific cDNA
A plasmid carrying an insert of about 1.4 kb was identified by its specific hybridization to R N A from PDV-infected but not uninfected Vero cells. The c D N A insert cross-hybridized only at a very low level with R N A from cells infected with CDV and two other morbilliviruses, rinderpest and peste des petits ruminants viruses (not shown). The plasmid also selected an m R N A species of the expected size for the P m R N A from Vero cells infected with PDV (not shown). Sequence analysis of a region near the 5' end of the P gene m R N A showed it to be distinct from other morbilliviruses but more closely related to CDV.
A PDV-specific PCR oligonucleotide primer set was synthesized for diagnostic use. The nucleotide sequence of the PCR-amplified region in one field sample obtained from a seal spleen was identical to that of the c D N A clone (see Fig. 1 ). The nucleic acid identity in the region defined by the primer set was 77% when compared with that of the CDV Onderstepoort strain (Barrett et al., 1985) , whereas only about half of the region showed any significant nucleotide identity with measles virus (MV) Edmonston strain (Bellini et al., 1985) .
PCR amplification using P gene-specific primers
The oligonucleotides P1 and P2 derived from this sequence data were tested for their PDV specificity. Reactions were carried out with RNAs derived from Vero cells infected with MV, PDV, CDV (Onderstepoort strain), and with two recent field isolates of CDV originating from dog and ferret, respectively. Fig. 2 shows the results of these PCR assays. A band of approximately 245 nucleotides (comigrating with the second band of the 123 bp ladder) was seen only in the PDV samples. No amplified D N A was detectable in the CDV Onderstepoort strain (not shown) and in MV RNA, but a D N A fragment of significantly higher Mr was seen in the products of the recent dog and ferret isolates. This upper band hybridized with both PDVand CDV-specific P gene probes (data not shown). It is probable that a sequence similar to P2 is present elsewhere in the P gene of these field isolates. Barrett et al. (1985) and Bellini et al. (1985) , respectively. occurring disease. Positive results from cultural isolation were confirmed by slot hybridization and/or PCR. One lung sample (no. 3722) from which no infectious virus could be isolated turned out to be negative by all methods whereas another one (no. 2514) was negative by slot 
Analysis of PDV-specific RNA in tissues derived from naturally infected seals
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A n i m a l no. hybridization only. The lung sample no. 2501 is of particular interest. It gave strongly positive results by slot hybridization and PCR, respectively, but no infectious morbillivirus could be identified due to the presence of a phocine herpesvirus (Frey et al., 1989) which displayed a fast cytopathogenic effect. It is evident that by using the PCR amplification most positive results could be obtained. All except one virus-negative lung (lung no. 3722), liver and kidney samples which were also negative by slot hybridization were found to contain viral RNA by using the PCR. In some cases, as indicated in the table, agarose gel staining yielded only weak or questionable fragments but these were confirmed as positive by Southern blot hybridization. It is interesting to note that no infectious virus could be isolated from the two spleen samples that were clearly positive by slot hybridization and PCR. Fig. 3 shows examples of the results obtained with slot hybridization and PCR, respectively, on RNAs derived from lung tissue. The fragments were of the correct size (about 245 bp) and the results of the PCR are in accordance with the slot hybridizations. Specificity of the reaction was proven by Southern blot hybridization (not shown). Table 2 shows a synopsis of the results from virus tissue culture isolation, antigen detection, slot hybridization and PCR, respectively. None of the tissue samples yielded infectious virus by cell culture although viral antigen was readily detectable by direct immunofluorescence studies in many cases. When investigated for the presence of neutralizing antibodies against PDV, all these organ homogenates were shown to possess titres ranging from 1:20 to 1 : 160 (not shown). All lungs contained viral antigen, but only one out of three spleens was positive by the immunofluorescence assay. When RNAs derived from lung, spleen, kidney, brain, colon and parotid gland were analysed for PDV-specific nucleic acid, some lung and spleen samples were positive by slot hybridization (Fig.4) , as was the case with the naturally infected animals. Strongly positive signals were obtained with RNA derived from the two colon samples examined. A weaker signal was visible with the parotid gland sample. PCR amplification revealed viral RNA in all the organs tested. In the case of kidney-derived RNA, one lung and two brain samples, a positive result had to be confirmed s t a i n i n g o f t h e gel. B r a i n no. 4649 w a s n e g a t i v e by v i r u s c u l t i v a t i o n a t t e m p t s a n d n o a n t i g e n c o u l d b e d e t e c t e d .
Distribution of virus in experimentally infected seals
S o u t h e r n b l o t t i n g r e v e a l e d a c o m p a r a t i v e l y w e a k t h o u g h u n a m b i g u o u s s i g n a l (Fig. 5) i n d i c a t i n g t h e p r e s e n c e o f a v e r y low a m o u n t o f viral R N A in t h i s o r g a n .
Diagnostic use of PCR for detection of virus in peripheral blood MNC
Using the rapid lysis and heating technique to isolate RNA from peripheral blood MNCs which were positive by cell culture isolation, no distinct fragments were visible after ethidium bromide staining of the gel used to separate the PCR products. On Southern blotting of the gel, however, specific hybridization was observed with the PDV P cDNA clone (Fig. 6 ). There obviously were two hybridizing bands present in each case (the upper one being weaker than the expected lower 245 bp signal) which were PDV-specific and did not appear in control uninfected samples. The upper band probably represents ssDNA. It was also sometimes faintly visible after Southern blot analysis of organ-derived PCR fragments (see Fig. 5 for example) but may be more pronounced in the MNC samples since there was very little starting material and the primers may not anneal with equal efficiency.
Discussion
One aim of the study was to compare two relatively fast viral nucleic acid detection methods, i.e. slot hybridization and the PCR assay, with conventional techniques for the detection of PDV in different organ samples. The PCR assay, when coupled with hybridization, was clearly superior to the slot hybridization alone and more sensitive than virus isolation by cell culture and immunological detection of antigen, respectively. The unsuccessful attempts to isolate infectious virus from some organ homogenates might have, at least in part, been due to the presence of specific virus-neutralizing antibodies. Slot hybridization is a fast and simple method for detection of nucleic acids but obviously not sensitive enough for the unequivocal detection of PDV in organs and clinical specimens. This might be because paramyxoviruses generally are not present in high titres in infected tissues and the background of cellular RNA is high, which is probably related to the fact that these viruses do not induce an efficient shut-off of host RNA and protein synthesis. Using nucleic acid hybridization to detect the PDV-related CDV in dog tissues, Mitchell et al. (1987) could find infectious virus in brain and lung tissues in which no viral RNA could be demonstrated by hybridization.
There is not an abundant literature on the isolation of nucleic acids, particularly of RNA, from tissues and cadavers for use in the PCR assay (Jackson et al., 1990) . For successful detection at least a part of the viral RNA must be present in an intact form. The ubiquitous presence of RNases in tissues and the necessity of carrying out a reverse transcription step make the enzymic amplification of RNA more difficult than that of DNA. Another complicating factor, particularly regarding the tissues of seals found dead, is the different states of post-mortem decay. However, using the conditions described here these difficulties can be overcome in most cases. It should be emphasized that tissues must be homogenized quickly and thoroughly on ice in order to minimize RNA degradation. The one-tube reaction we used (Doherty et al., 1989 ) turned out to be suitable for efficient amplification. This technique consists of two steps (reverse transcription and cDNA amplification) which are carried out in the same vial to avoid any loss of material. The most important factor to consider when using such a sensitive technique as PCR for diagnosis is the possibility of false positives due to cross-contamination of samples. The tissues used in this study were highly selected in that only sick or dead seals and experimentally infected animals were examined and extreme care was taken to avoid cross-contamination. Although most tissues examined in this study were positive by PCR analysis, many seal tissues sampled at the same time for an epidemiological study proved negative in the PCR assay (Barrett et al., 1991) .
The results obtained with the RNA extracted from tissues after the naturally occurring infection reflect the clinical and histopathological findings with respiratory symptoms and lung lesions being the hallmarks of the disease (Kennedy et al., 1989; Bergmann et al., 1990) . The documented seal lesions were similar to those found in CDV-infected dogs (Appel, 1987) . Liver and kidney seem to be less affected and contained lower amounts of virus-specific nucleic acid. An intriguing finding is the positive result obtained after slot hybridization and PCR with one lung sample (no. 2501) from which no infectious PDV could be isolated due to a simultaneous infection with phocine herpesvirus. Since the latter virus replicates fast in cell culture and displays a marked cytopathogenic effect, PDV infection is unlikely to be demonstrated by this method. Thus PCR is a suitable method to detect PDV from co-infected tissues which beside its diagnostic value might be a useful tool in the study of the interaction of both viruses in vitro and in vivo. Analyses of tissues from experimentally infected seals gave similar results to those obtained with the natural cases. Interestingly, there seemed to be a less severe virus burden in the lungs of these animals compared to the natural infections. A much stronger signal was obtained after slot hybridization of lung-derived RNA from naturally infected material. Kidney, liver and brain contained viral RNA in an amount too low to be detected by slot hybridization, but PCR alone or in combination with Southern blotting revealed the presence of virus in these organs. Strong signals were obtained by slot hybridization of the RNA of two colonic and one parotid gland sample. Northern blot analysis revealed a considerable amount of intact P mRNA species in the two colon samples (and to a lesser extent in the parotid gland) after hybridization with the above-mentioned probe (not shown) indicating expression of the viral genes in these locations. This raises the question whether there might be significant virus shedding via faeces and saliva which would be of importance in the epidemiology and spread of this disease.
In both the natural and experimental infections there was not always a direct correlation between the strength of the signal obtained by slot hybridization and the amount of the amplified fragment after PCR. This could be due to the presence of inhibitory substances in the RNA samples reducing the activity of the Taq polymerase to a variable extent (De Franchis et al., 1988) . It has been suggested that porphyrin compounds derived from haem might have such effects (Higuchi, 1989) . Thus sometimes there might still be copurified traces of these substances in the starting material which could exert this effect.
We have also shown preliminary data that a PDV infection can be detected rapidly in vivo using a small number of MNCs of the peripheral blood by a combination of target amplification (RT-PCR) and signal amplification (Southern blotting with the radioactive probe). Since it is difficult to take blood samples from seals an assay requiring only small amounts of blood would be desirable. Such a combination (RT/PCR/Southern blotting) generally allows unequivocal results in cases where only limited amounts of clinical samples are available, e.g. in biopsy specimens (HoTerry et al., 1990) .
Sequence data derived from the P gene of PDV confirmed that the virus is genetically distinct from CDV. This is in agreement with a recent report by Curran et al. (1990) on partial sequence analysis from several cDNA clones obtained from a PDV isolate from Northern Ireland.
The different size of fragments generated after the PCR assay using the same primer pair dependent on the source of RNA, i.e. PDV or CDV (Fig. 3) , might be used as a criterion to differentiate these two infections although this has to be confirmed by including more isolates. Furthermore our preliminary results indicate that after RT-PCR of RNA obtained from infection with the Siberian seal isolate, the larger 'CDV-like' fragment is generated (Barrett et al., 1991) . Thus this technique could allow a fast and more precise diagnosis of these clinically indistinguishable diseases. With regard to the yet unclear origin of PDV this PCR result does not support the assumption that this seal virus is a contemporary CDV isolate circulating in dog or mink and ferret populations on land (0rvell et al., 1990) but it is possible that land animals might become infected with PDV (Blixenkrone-M611er et al., 1990) .
In summary, we have shown that PDV is a genetically distinct virus within the morbillivirus genus and that the PCR alone, or in combination with Southern blotting, is a fast, specific and more sensitive method for identifying PDV in organs of infected seals than virus isolation and immunofluorescence studies. The primers described here seem to recognize PDV P RNA reliably in post-mortem tissue samples.
